In addition to transcriptional regulation, the Mec1/ but at the same time leads to higher mutation rates.
ATP ratio (Reichard et al., 2000). When the dATP pool reaches a certain level, RNR activity is shut off by dATP feedback inhibition.
While much effort has been invested in understanding the regulation of yeast RNR, few studies have explored how this regulation affects dNTP pools in vivo. All three mechanisms discussed above are expected to regulate the overall activity of RNR. However, it is not known how these regulatory mechanisms integrate and which of them primarily determines the dNTP levels under normal growth conditions and after DNA damage. It is also unclear whether dNTP levels increase when DNA is damaged. Transcriptional induction of the RNR genes and removal of Sml1 likely result in increased RNR activity. However, the dATP feedback inhibition of the enzyme is expected to restrain the production of the dNTPs, as significantly affecting dNTP levels.
We hypothesized that investigation of the allosteric regulation of RNR would provide clues to understanding ingly, the strain lacking RNR dATP feedback inhibition the regulation of dNTP levels in yeast. The allosteric accumulated mutations at an ‫3ف‬ times higher rate in activity and allosteric specificity sites are located on the absence of DNA damage and at an ‫2ف‬ times higher the large subunit of RNR. Yeast cells have two highly rate in the presence of DNA damage compared to the homologous genes encoding the ␣ polypeptides of the parental wild-type strain under similar conditions. We large subunit: RNR1 (essential) and RNR3 (nonessential) also demonstrate that in wild-type yeast after DNA dam-(Elledge and Davis, 1990). The level of RNR1 mRNA age, the dNTP levels are ‫4ف‬ times higher than the levels fluctuates during the cell cycle, being highest during the present in undamaged cells during S phase, suggesting S phase, while RNR3 mRNA is induced only after DNA that DNA repair requires a higher concentration of damage. However, the contribution of RNR3 to ribonudNTPs compared to normal DNA replication. The incleotide reduction and DNA damage response in vivo creased dNTP pools confer resistance to DNA-damagis probably negligible: although RNR3 overexpression ing agents, suggesting a direct correlation between the rescues the lethality of rnr1 null mutants, its deletion increase in dNTP levels and cell survival after genotoxic gives no obvious phenotype and does not result in instress. creased DNA damage sensitivity (Elledge and Davis, 1990) . The specific activity of Rnr3 in vitro is less than one percent of that measured for Rnr1 and, even after Results DNA damage, the in vivo level of Rnr3 protein is ‫01ف‬ times lower than that of Rnr1 (Domkin et al., 2002) .
The Levels of dNTPs in Yeast Increase Therefore, we focused on the allosteric regulation of Dramatically after DNA Damage Rnr1-containing RNR as the major species during norIn addition to the relaxed allosteric dATP feedback mal growth and after DNA damage. mechanism, S. cerevisiae has two other mechanisms of Recently, we demonstrated that despite the concontrolling RNR activity: via the protein inhibitor Sml1 served allosteric activity site, Rnr1-containing yeast and via transcriptional regulation of the RNR genes. After RNR is not inhibited in vitro by dATP at concentrations DNA damage, the levels of Sml1 quickly decrease (Zhao up has an unusually relaxed response to dATP feedback This in vitro result prompted us to address the role of inhibition in vitro, we predicted that dNTP levels might dATP feedback in vivo. We reasoned that if a dATP increase after DNA damage. feedback mechanism operates only at high dATP conTo test this hypothesis, we treated logarithmically centration in vitro, then RNR activity in vivo should be growing yeast cells with 0.2 mg/l 4-nitroquinolinecontrolled primarily by Sml1 and transcriptional regula-N-oxide (4-NQO), a mutagen that acts as a UV mimetic tion of the RNR genes. (Friedberg et al., 1995) . The increase in dNTP levels was In the present study, we observed that dNTP levels noticeable after 30 min (data not shown), and after 2.5 in yeast cells are increased 6-to 8-fold after DNA damhr the dNTP levels are 6-to 8-fold higher than those in age. To evaluate the role of allosteric regulation of yeast the nontreated control cells ( Figure 1A) . A similar in-RNR in vivo, we constructed a strain with a mutant RNR, crease in dNTP levels was observed after treating cells rnr1-D57N, that completely lacks dATP feedback inhibiwith 0.01% methyl methane sulfonate (MMS), a DNA tion. The dNTP pools in this strain were 1.6-2 times alkylating agent, (Figure 1B) , and 15-120 J/m 2 of UV light higher under normal growth conditions and additionally increased 11-to 17-fold during DNA damage. Interest-(data not shown).
We also tested how 4-NQO treatment affects dNTP levels in yeast cells lacking Rnr3 by monitoring the level of dATP ( Figure 1C ). We found that both the dynamics and the levels of increase in the dATP pool were identical in the wild-type and the rnr3⌬ strains. This result is in agreement with earlier observations that the rnr3⌬ strain has no obvious phenotype and is not more sensitive to DNA damage than wild-type cells (Elledge and Davis, 1990 ). This is not surprising, since Rnr3 has a very low, specific activity and is present at ‫-01ف‬fold lower levels than Rnr1 even during DNA damage (Domkin et al., 2002).
Mutation of the Allosteric Activity Site of Rnr1 Completely Abolishes dATP Feedback Inhibition
The increase in dNTP levels after DNA damage suggested that the dATP feedback regulation of RNR in vivo is either completely nonfunctional or is relaxed and operates only at higher dATP concentration. To distinguish between these possibilities, we first constructed a mutant RNR completely lacking dATP feedback inhibition. From studies of the mouse R1 protein, a homolog of yeast Rnr1 and Rnr3, it is known that mutation of the aspartic acid in position 57 to asparagine destroys the allosteric activity site and leads to complete resistance to dATP feedback inhibition (Caras and Martin, 1988 Table 2 demonstrate Since inhibition of RNR by Sml1 is completely relieved after DNA damage, there are two remaining mechanisms that, under normal growth conditions in rnr1-D57N strains, there is an ‫-3ف‬fold increase in the mutation involved in control of dNTP levels: transcriptional regulation of the RNR genes and the allosteric regulation of rate at the CAN1 locus. We conclude that although the RNR by dATP feedback inhibition. To elucidate whether the rnr1-D57N strain exhibits a 2-fold increase in the mutation rate to Can r compared to wild-type strains (Tathe dATP feedback mechanism restricts dNTP levels when Sml1 inhibition is relieved, we treated the rnr1-ble 2). In both strains, 4-NQO leads to base substitutions predominantly at guanine bases with similar rates of D57N strain as well as the parental wild-type strain with increasing concentrations of 4-NQO ( Figures 2C and 2D , G→A transitions. However, in the rnr1-D57N strain, the 2-fold higher mutation rate is accounted for by a specific note different scales). In both strains, increased dNTP pools are observed with as little as 0.02 mg/l 4-NQO, increase of G→C and G→T transversions and frameshift insertions. Similar to our results for the spontaneous and maximal pool levels are detected at 0.2-0.5 mg/l 4-NQO. Surprisingly, the dNTP levels in the rnr1-D57N mutation rates to Can r , there is a direct correlation between an increase in dNTP levels and the mutation rate. strain treated with the mutagen are 20-to 30-fold higher than in the nontreated wild-type cells, and ‫-4ف‬fold higher than in the mutagen-treated wild-type cells (Fig- Resistance to DNA Damage Correlates with the Ability of Yeast to Increase Its dNTP Pools ure 2E). This experiment clearly demonstrates that the dATP feedback mechanism is functional in yeast and is Next, we dissected the contribution of each of the three regulatory mechanisms controlling RNR activity to suractive during DNA damage. We also found that wildtype and sml1⌬ isogenic strains have identical dATP vival of DNA damage. We examined the DNA damage sensitivity of strains with single mutations affecting each levels after DNA damage (data not shown). Thus, we conclude that dATP feedback is the principal mechamechanism or with various combinations of the mutations to 4-NQO using a quantitative survival assay. A nism that keeps dNTP pools in check during DNA damage, when the Sml1-dependent control is eliminated and dun1⌬ mutant strain, deficient in the transcriptional induction of RNR genes (Zhou and Elledge, 1993) and in the transcription of the RNR genes is increased. removal of the inhibitor Sml1 (Zhao and Rothstein, 2002), exhibits severe DNA damage sensitivity ( Figure 3B ; Zhou rnr1-D57N Confers Increased Resistance to DNA Damaging Agents and Elledge, 1993). This sensitivity is suppressed to wild-type levels when either of the negative RNR regulaWe examined the biological effect of the increased dNTP pools in the rnr1-D57N mutant after DNA damage. The tors is eliminated in dun1⌬ rnr1-D57N or dun1⌬ sml1⌬ ( Figure 3B ). The sml1⌬ single mutant does not display results from the spot assays presented in Figure 3A show that the rnr1-D57N strain is more resistant than a significant increase in survival when compared to wildtype. the isogenic wild-type strain to irradiation with UV light and to the UV-mimetic drug 4-NQO; it is also slightly Elimination of the allosteric control in the rnr1-D57N strain results in a dramatic increase in survival of DNA more resistant to MMS. Compared to the wild-type, there was no observed effect on survival after treatment damage induced by 4-NQO when compared to wildtype ( Figure 3B ). No additional resistance is observed with hydroxyurea (HU) or ␥ irradiation. The lack of effect on survival in HU is not unexpected since it directly in the sml1⌬ rnr1-D57N double mutant compared to the rnr1-D57N isogenic strain. Unexpectedly, the dun1⌬ inhibits the activity of RNR by quenching the tyrosyl radical of the small subunit (Reichard, 1988). The absml1⌬ rnr1-D57N triple mutant also exhibits the same high resistance to DNA damage as the rnr1-D57N single sence of increased survival in the rnr1-D57N strain after ␥-ray induced double-stranded DNA breaks may reflect mutant. This result is surprising since the triple mutant is unable to efficiently induce transcription of the RNR the fact that additional factors, other than dNTPs, are limiting under those conditions. In addition to analyzing genes. A strain with the rnr1-D57N mutation also exhibits survival in the presence of DNA damaging agents, we measured the mutation rate in the presence of a low a modest increase in survival after UV irradiation. In addition, the rnr1-D57N mutation rescues the UV sensidose of 4-NQO. Under these experimental conditions, tivity of a dun1⌬ strain ( Figure 3C ). The smaller effect cells ( Figure 4C ). The corresponding increase in the pyrimidine dNTPs is about 3-fold. The NTP pools do not of the rnr1-D57N mutation on the survival of UV-induced damage compared to the effect observed with the UV fluctuate at all during the cell cycle. Remarkably, the dNTP pools in logarithmically growing wild-type cells mimetic 4-NQO might be explained by the different continuity of each treatment. The UV irradiation treatment induced by 4-NQO are 3-to 5-fold higher than the dNTP pools in untreated synchronized S-phase cells (Figis short (essentially only a few seconds) and, therefore, it directly affects a single generation, whereas exposure ure 4A). to 4-NQO is continuous and leads to DNA damage and increased dNTP pools in multiple generations. Discussion to an increase in RNR activity and dNTP pools. At this Eckstein et al. (1974) reported that dNTP levels also increase in yeast in response to ␥ irradiation. It is interpoint, the increased dATP levels and decreased Sml1 levels are in a dynamic equilibrium with RNR, both conesting that an even greater increase in dNTP levels during DNA damage is restricted by this same dATP feedtributing to the regulation of RNR activity. Elimination of dATP feedback inhibition in the rnr1-D57N strain reback inhibition. We base this conclusion on the observation that during DNA damage, the dNTP levels sults in 1.6-to 2-fold higher dNTP pools compared to the parental wild-type strain, because the enzymatic are ‫-4ف‬fold higher in the dATP feedback-deficient rnr1-D57N strain compared to the isogenic wild-type strain activity of RNR is now controlled only by equilibrium with Sml1. Currently, we do not know whether the Sml1 ( Figure 5 , fifth bar). At this point, the size of the dNTP pools in the rnr1-D57N mutant starts to be comparable mechanism can, like the dATP feedback mechanism, directly "sense" dNTP levels and fine-tune them accordwith the size of the NTP pools. For example, the dATP pool is almost 20% of the ATP pool (data not shown). ingly to the needs of the replication apparatus.
After DNA damage, Sml1 inhibition is completely rePerhaps an even higher increase is restricted by the amount of RNR substrates (the ribonucleoside diphoslieved (Zhao et al., 2001 ), while the transcription of all four RNR genes is increased ( Figure 5 , fourth bar; Huang phates), the amount of the RNR enzyme, or the depletion of ATP. Thus, we demonstrate that the yeast RNR maand Elledge, 1997; Huang et al., 1998). Previously, we demonstrated that in vitro, yeast RNR has a relaxed chinery is designed to provide different dNTP levels during the normal cell cycle and after DNA damage. The response to dATP inhibition and this leads to an ‫01ف‬ times lower sensitivity of yeast RNR to dATP compared relaxed dATP feedback mechanism allows the increase of the dNTP pools after DNA damage, when Sml1 inhibito mouse and bovine RNRs (Domkin et al., 2002) . In logarithmically growing cells, this lower dATP sensitivity tion is relieved and transcription of RNR genes is upregulated. along with the upregulation of RNR activity results in an ‫-6ف‬ to 8-fold increase in the dNTP levels in response We also show that there is a strict correlation between increased dNTP levels and increased survival during to DNA damage produced by 4-NQO (bulky base damage), UV light, or MMS (alkylating agent). Earlier, DNA damage. We investigated this relationship by dis- rupting one or several RNR regulatory mechanisms to phase, an increase might be necessary for DNA polymerases ␦ or ⑀, which fill in gaps produced during DNA manipulate RNR activity. First, a dATP feedback-deficient rnr1-D57N strain has ‫4ف‬ times higher dNTP levels excision repair. Although the absolute amount of dNTPs required for this process is small, the gaps will not be after DNA damage than the wild-type ( Figure 2E ) and shows a dramatically increased resistance to 4-NQO filled in efficiently if the concentration of substrates (dNTPs) is far below the K m of the polymerases for and UV light (Figure 3) . Second, we could not detect any significant difference in dNTP levels in sml1⌬ and dNTPs. During S phase, when DNA damage is encountered, an increase in dNTP concentration above normal wild-type strains during treatment with 4-NQO. Accordingly, an sml1⌬ strain exhibits approximately the same S phase levels might be essential for translesion DNA synthesis (TLS) . TLS plays resistance to 4-NQO-induced damage as wild-type (Figure 3) . These results are best explained by the fact that a major role in repair during S phase. It has been proposed that, in spite of increased mutagenicity, such a Sml1 is quickly degraded during the DNA damage response in wild-type strains (Zhao and Rothstein, 2002) . process may be inherently more advantageous than the other repair mechanisms where interruptions in the Third, a dun1⌬ strain, which is unable to upregulate transcription of the RNR genes and to remove Sml1 in newly synthesized strands persist for long periods. Both replicative and specialized polymerases participate in response to DNA damage, is highly sensitive to DNA damage ( Outside S phase, RNR levels are low and most of the RNR enzyme is inhibited by Sml1. This leads to low levels of dNTPs effectively rendering the dATP feedback inhibition "nonfunctional". During S phase, transcriptional induction of the RNR genes results in an increased number of RNR molecules, while Sml1 protein levels decrease partially relieving Sml1-dependent inhibition. These processes generate an increase in dNTP levels, which are now influenced by the dATP feedback inhibition of RNR in wild-type cells, but not in the rnr1-D57N mutant. Thus, the rnr1-D57N strain has higher dNTP levels than wildtype during normal growth. When cells are treated with DNA damaging agents, the inhibitor Sml1 is completely removed and the RNR genes are strongly induced. Under these conditions, dNTP levels are kept in check via dATP feedback inhibition. The rnr1-D57N mutation eliminates this regulation, resulting in higher levels of dNTPs compared to wild-type. genized dG bases of the template strand are preferentially repaired during transcription. Alternatively, strand These data suggest that at higher dNTP concentrations, DNA polymerases might bypass lesions more effibias can be created by leading versus lagging strand differences in replication through a lesion(s) and/or the ciently and/or bypass a greater variety of lesions. However, we speculate that excessive dNTP levels are a repair of mismatches. Finally, the specific increase in transversions at dG bases during mutagenesis in the double-edged sword. As seen in rnr1-D57N strains, the benefits of increased DNA damage survival promoted by rnr1-D57N strain may indicate that, at high dNTP concentrations, some DNA polymerases more readily incorhigher dNTP concentrations are counteracted by higher mutation rates. These higher rates likely result from reporate pyrimidine deoxynucleotides opposite the modified dG bases. duced fidelity of replicative polymerases and/or activation of error-prone TLS polymerases during normal S Do dNTP levels also increase after DNA damage in mammalian cells? Are dNTP levels lower in ATR/ATM phase replication. Indeed, we observed a higher rate of spontaneous base substitutions and frameshift inserand CHK2 mutant cells, as they are in yeast mec1 or rad53 mutants ( 
Experimental Procedures
The YPD plates with drugs at the indicated concentrations were prepared the day before plating. To measure UV sensitivity, cells Primers and Plasmids plated on YPD plates were irradiated at indicated doses. All cells All primers used in this study are listed in Supplemental Table S1 were grown at 30ЊC for 4 days and the number of viable colonies (online at http://www.cell.com/cgi/content/full/112/3/391/DC1).
was counted. The colony number from two plates without treatment Plasmids for the expression of the recombinant Rnr1, Rnr2, and was averaged and taken as 100% viability. DNA damage sensitivity Rnr4 in E. coli were described earlier (Chabes et al., 2000) . The experiments were repeated at least three times. pET3a-rnr1-D57N expression plasmid was obtained by modification of the pET3a-RNR1 plasmid using the QuikChange TM Site- (Chabes et al., 2000) . Rnr1-D57N was expressed and forward mutation to Can r at the CAN1 locus was calculated by purified as described for Rnr1 . To determine dividing the number of Can r colonies by the viable cell count. Muta-RNR activity, assay mixtures containing 20 mM Hepes-KOH (pH tion rates were calculated from the frequencies as described pre-7.4), 200 mM KOAc, 3 mM ATP, 0-500 M dATP, 20 mM MgOAc 2 , 1 viously (Drake, 1991) . Statistical analyses to determine the 95% mM [ 3 H]cytidine 5Ј-diphosphate (CDP; specific activity 27,000 cpm/ confidence limits for the median and the significance of the differnmol), 20 M FeCl 3 , 20 mM DTT, and RNR proteins were incubated ences between the mutation rates (Wilcoxon-Mann-Whitney nonat 30ЊC for 20 min in a final volume of 50 l. After incubation, the parametric test) were done as described in Shcherbakova and Kunsamples were processed as described (Engströ m et al., 1979) . kel (1999), and with the help of the statistical software Prism, v.3 (Graphpad). To determine mutation spectra, we amplified by PCR Measurement of dNTP Levels before and after DNA Damage and sequenced DNA from the CAN1 locus using primers listed in Yeast cultures were grown exponentially in YPDA for Ͼ8 generaSupplemental Table S1 . The specific mutation rates of base substitions. Treatment of yeast with DNA damaging agents was started tutions and frameshifts were calculated by multiplying the proporwhen cultures, grown in liquid YPDA, were at 5 ϫ 10 6 cells/ml. tion of each mutation class by the total mutation rate; frameshifts 4-NQO, dissolved in acetone, and MMS were added to the cultures were defined as insertions/deletions of Յ2 bp. at the desired concentrations. To irradiate yeast with UV light, cells were collected by centrifugation, resuspended in 10 ml of sterile water, and spread on 15 cm sterile petri dishes. The irradiation was Cell Cycle Synchronization Yeast cultures were grown exponentially in YPDA for Ͼ8 generations performed with 245 nm UV light at 15-120 J/m 2 as determined by a UVX Digital Radiometer (UVP, Inc.). After the irradiation, the cells and at a density of 5 ϫ 10 6 cells/ml were treated with ␣-factor (Novabiochem) and bovine serum albumin (final concentration 3.75 were collected by centrifugation and resuspended in fresh YPDA. At a density from 0.5 to 1.5 ϫ 10 7 cells/ml, ‫1ف‬ ϫ 10 9 treated or mg/l and 0.2 mg/l, respectively). The cells were allowed to synchronize for 1 hr and then more ␣-factor was added to a final concentrauntreated cells were harvested by filtration through 25 mm White AAWP nitrocellulose filters (0.8 m, Millipore). The filters were imtion of 6.25 mg/l. The synchronization was monitored by analysis in a microscope for "schmoo" formation. After 1.5 hr, arrested cells mersed in 700 l of ice-cold extraction solution (12% (w/v) trichloroacetic acid, 15 mM MgCl 2 ) in Eppendorf tubes. One nmol of dITP were collected by centrifugation, washed with prewarmed medium containing 1 g/l Pronase E (Sigma), and allowed to resume cell cycle was added to monitor sample loss during the extraction. The following steps were carried out at 4ЊC. The tubes were vortexed for 30 progression in medium without ␣-factor. To determine the budding index, at least 300 cells were counted for each time point using s, incubated for 15 min and vortexed again for 30 s. The supernatants (700 l) were collected after centrifugation at 20 000 ϫ g for 1 min phase contrast microscopy.
